Using atomistic pseudopotential wave functions we calculate the electron and hole charging energies of InAs quantum dots. We find that the charging energies depend strongly on the dielectric constant ǫ out of the surrounding material, and that when the latter is smaller than the dielectric constant of the dot (weak external screening) the electron-electron and hole-hole interactions are dominated by surface polarization effects. We predict the addition energies and the quasi-particle gap as a function of size and ǫ out . We find excellent agreement with recent single-dot tunneling spectroscopy data for ǫ out = 6.
Semiconductor quantum dots can be made with various dielectric coatings: Organic molecules [1, 2] , other semiconductors (e.g. self-assembled dots [3] , core-shell nanocrystals [4] , lithographically-etched dots [5] , strain-induced dots [6] ), or glasses [7] . It has been realized [8, 9] that the dielectric environment can profoundly affect the optical and transport properties of quantum dots. This can be seen by considering the two processes described in Fig. 1 , where a quantum dot of dielectric constant ǫ in is embedded in a material of dielectric constant ǫ out . Figure 1 (a) depicts the process of adding three electrons to an otherwise neutral quantum dot. The initial configuration of the system, of energy E 0 , consists of a neutral dot in the ground state and a Fermi reservoir at the reference energy ε ref = 0. The "charging energy" µ 1 required to load the first electron into the quantum dot is
where E 1 is the total energy of the dot with one additional electron, ε e1 is the energy of the single-particle level e1 with respect to the reference energy ε ref , and Σ pol e1 is the self-energy of the additional electron interacting with its own image charge created by the dielectric mismatch at the surface of the dot [9] . The charging energy µ 2 to add the second electron to the quantum dot is
where J e1,e1 is the Coulomb interaction between the two electrons. It includes a direct electron-electron contribution J Coul e1,e1 and a polarization contribution J pol e1,e1 arising from the interaction of one electron with the image charge of the other electron [9] . Finally, the charging energy for the third electron is
where K e1,e2 is the exchange energy between two electrons with parallel spins in the e1 and e2 single-particle levels. The "addition energies" for the second and the third electrons are, respectively
Since Σ pol i
and J pol i,j depend strongly on the dielectric constant of the surrounding material, the charging spectroscopy [5, 10] of a quantum dot depends on its dielectric environment. Figure 1 (b) describes the process of removing an electron from the highest occupied orbital of a neutral quantum dot and placing it into the lowest unoccupied orbital of an identical dot (located at infinite distance from the first dot). The energy required by this process ("quasi-particle gap") is the difference between the ionization potential and the electron affinity of the dot. The initial configuration, consisting of the two neutral dots in the ground state, has energy 2E 0 , while the final configuration has energy E 1 + E −1 , where E −1 is the energy of the quantum dot with a hole in the highest occupied orbital h1. The quasi-particle gap is then
where ε gap ≡ ε e1 − ε h1 is the single-particle (HOMO-LUMO) gap. We see that the quasiparticle gap depends, via the polarization self-energies Σ pol e1 and Σ pol h1 , on the dielectric environment. The optical gap differs from the quasi-particle gap by the electron-hole interaction J h1,e1 :
Very recently single-dot tunneling spectroscopy was applied to InAs nanocrystals [10] , measuring ∆ N,N +1 and ε qp gap . The effects of dielectric confinement on the excitonic gap and the charging energies of quantum dots have been addressed in the past [9, [11] [12] [13] [14] [15] using the effective-mass approximation (EMA). Recent pseudopotential calculations [16] have demonstrated the importance of using an atomistic description of the quantum dot electronic structure for calculating the electron-hole Coulomb energy. The pseudopotential approach provides an accurate description of the wave function decay outside the quantum dot and of the interband coupling due to quantum confinement, which are critical for a correct evaluation of the polarization and Coulomb energies in small nanocrystals.
Using pseudopotential wave functions, we discuss here the effects of dielectric mismatch (ǫ out = ǫ in ) on (a) the electron and hole charging energies µ N = E N − E N −1 , where E N is the ground-state energy of N electrons (or holes) in the quantum dot, (b) the addition energies ∆ N,N +1 = µ N +1 − µ N , and (c) the quasi-particle band gap ε qp gap . We find excellent agreement with recent experimental results [10] , and interpret the data in terms of Coulomb and polarization contributions [Eqs. (1) - (6) ]. We show that depending on the ratio between ǫ in and ǫ out one encounters two physically distinct regimes of transport behavior:
(i) When ǫ out ≪ ǫ in (weak external screening) the electron-electron interaction J i,j is dominated by the polarization contribution J pol i,j , which depends only weakly on the singleparticle states i and j. The charging energies µ N depend strongly on the dielectric constant ǫ out , and are widely spaced for various N (large addition energies ∆ N,N +1 ).
(ii) When ǫ out ≥ ǫ in (strong external screening) the dominant contribution to J i,j is the Coulomb energy J Coul i,j , which is quite sensitive to the identity of the states i and j. The charging energies µ N depend weakly on ǫ out and are more closely spaced (small addition energies).
The practical significance of these results stems from the fact that, due to the longrange character of the Coulomb interaction and the exponential decay of the wave functions outside the quantum dot, dielectric confinement and quantum confinement can be physically separated. In fact, by changing the dielectric environment far away from the dot, while keeping the same barrier material next to the dot, one can control and tailor the electronic properties (such as ∆ N,N +1 and ε qp gap ) without affecting quantum confinement (i.e. the singleparticle energies and wave functions).
We approximate the many-particle wave function Ψ N of a system of N electrons in the conduction band of a quantum dot by a single Slater determinant constructed from the wave functions {ψ i , i = 1 · · · N} of the N single-particle states occupied by the N electrons. The corresponding total energy is
where ε i are the conduction-band single-particle energy levels, Σ pol i are the polarization selfenergies, J i,j , K i,j are the electron-electron Coulomb and exchange energies, respectively, and n i are the occupation numbers ( i n i = N). The ground state Ψ 0 N corresponds to the configuration that minimizes the total energy E N . In Eq. (8) we neglect: (i) the coupling between different Slater determinants (i.e. configuration-interaction effects), and (ii) the response of the single-particle wave functions ψ i to the electrostatic field (i.e. self-consistent effects). These assumptions are sufficiently accurate in small, three-dimensional structures in the strong-confinement regime [16] [17] [18] .
The single-particle energies ε i and wave functions ψ i (r, σ) are obtained here from the solution of the Schroedinger equation:
The pseudopotential of the quantum dot V ps (r) is obtained from the superposition of screened atomic potentials, which are fitted [19] to reproduce the bulk experimental optical transition energies and effective masses, as well as the surface work function. Spin-orbit coupling is fully included in the solution of the Schroedinger equation. The interelectronic energies J i,j are given by:
where Φ j (r) is the electrostatic potential energy due to a charge distribution ρ j (r) = e σ |ψ j (r, σ)| 2 in a dielectrically inhomogeneous medium. Φ j (r) satisfies the Poisson equation:
where ǫ(r) is the (position-dependent) macroscopic dielectric constant of the system. The Poisson equation is solved on a real-space grid using a finite-difference discretization of the gradient operator. The boundary conditions are obtained from a multipole expansion of the electrostatic potential [16] . The dielectric constant ǫ(r) changes smoothly from ǫ in to ǫ out , with a transition region of the order of the interatomic bond-length. The interelectronic energy J i,j can be separated into two contributions: (a) the direct Coulomb energy J Coul i,j , which corresponds to the interaction between two electrons in the quantum dot as if the dielectric constant was uniform throughout the system, and identical to the macroscopic dielectric constant of the quantum dot; and (b) the polarization energy J pol i,j which accounts for the effects of the dielectric discontinuity at the interface between the quantum dot and the surrounding material, and the ensuing surface polarization charge.
The polarization self-energies Σ pol i are given by:
Σ(r) = lim
where G(r, r ′ ) is the Green's function associated with the Poisson equation [Eq. (11)], and G bulk (r, r ′ ) is the bulk Green's function. Here we use the analytical expression of Σ(r) for a spherical quantum dot [12] of dielectric constant ǫ in embedded in a medium of dielectric constant ǫ out . The singularity of Σ(r) at the surface of the dot is removed by applying a smoothing function 1 − e −(r−R) 2 /σ 2 , where σ is a broadening factor of the order of the bond length.
We consider InAs spherical nanocrystals of diameter D = 30.3 and 42.2Å. The surface dangling bonds are passivated using a large-gap barrier material [19] . Our analysis of the envelope functions extracted for the pseudopotential wave functions shows that the first electron level (e1) is predominantly s-like, while the next 3 electron levels (e2, e3, and e4) are predominantly p-like. The first two hole levels (h1 and h2) have an s-like envelope function, while the next two hole levels (h3 and h4) have a p-like envelope function. Each single-particle energy level is doubly degenerate (because of time-reversal symmetry).
The self-energies Σ Fig. 3 as a function of ǫ out . The vertical arrow at the bottom of the figure denotes the value ǫ out = ǫ in , which divides the behavior into two domains: (i) In the weak screening regime (ǫ out ≪ ǫ in ) the charging energies are widely spaced, and their value depend strongly on ǫ out . (ii) In the strong screening regime, on the other hand, the charging energies are closely spaced, and do not depend significantly on ǫ out . The calculated charging spectrum is shown in Fig. 3 for ǫ out = 1 (left-hand side) and ǫ out = 20 (right-hand side), illustrating these two limiting behaviors.
The electron and hole addition energies ∆ N,N +1 (spacings between peaks in the charging spectra of Fig. 3 ) are given in Table I for a few values of ǫ out . We see that (i) for a given value of ǫ out , the addition energy for the third electron ∆ . The exchange contribution K e1,e2 is smaller than 0.02 eV, and can be neglected.
In conclusion, we predict the effects of the dielectric environment on the electron and hole charging energies and on the addition spectrum of semiconductor quantum dots. We find that the charging energies and the addition energies depend sensitively on the dielectric constant ǫ out of the surrounding material via the self-energies Σ pol i and the polarization energies J pol i,j . When ǫ out ≪ ǫ in the charging energies are widely spaced in energy, and depend strongly on ǫ out . When ǫ out ≥ ǫ in the charging energies are more closely spaced. Our calculations are in excellent agreement with recent spectroscopic results [10] for ǫ out = 6. This work was supported by the U.S. DOE, OER-BES, Division of Materials Science, under Grant No. DE-AC36-98-GO10337. 
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